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Abstract 



' For the purpose of deriving the observed nearly tribimaximal neutrino mixing, a possible 

• yukawaon model in the quark sector is investigated. Five observable quantities (2 up-quark 

. mass ratios and 3 neutrino mixing parameters sin^ '2.9 atm, tan^ solar and |C/i3|) are excellently 

fitted by two parameters (one in the up-quark sector and another one in the right-handed 
"■^^l Majorana neutrino sector). 
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> ' 1 Introduction 

' 1.1 Why do we investigate a quark mass matrix model for the purpose of 

discussing the neutrino mixing? 

Tlj" ■ Recently, on the basis of the so-called "yukawaon" model [U [2] (we will give a short review 

in the next subsection), the author has proposed a curious neutrino mass matrix form [3]: 
■ although the mass matrix My is given by a conventional seesaw-type form My = rriDM^^rrij^, 

' the Majorana mass matrix Mr of the right-handed neutrinos is related to a up-quark mass 

^ ' matrix M^ as 

c3 ; Mroc Ml'^Me + MeMl'^, (1.1) 

and the neutrino Dirac mass matrix mo \s given by m£, oc Mg, where Mg is the charged lepton 

1/2 1/2 

mass matrix and Mj is defined by (M„ = diag(^m„, y^m^, y/mt) on the diagonal basis of 
Mu- [Here and hereafter, we denote a form of a matrix A on the diagonal basis of Mf (we refer 
the basis as / basis) as (^)/.] Therefore, the mass matrix My on the e basis (the diagonal basis 
of Me) is given by 

{My)e oc (Me)e [{M^/^) ^{Me) e + (Me)e (M^^)^ | (Me)e. (1.2) 
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In order to calculate the lepton mixing matrix U , we must to know a form of {MJ )e. Since 
we do not know it at present, in Ref.[3], on the analogy of a relation {My)d = ^"^(<^)(-^^m)m^('5), 
where V{5) is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix in the standard 
expression [3] and the observed value 5 in the quark sector is 5 ~ 70° [5], we have assumed 

{Mll^)e = V^{^){Ml/')uV{^). (1.3) 



(Since we assume an 0(3) flavor symmetry, the mass matrices Mf must be symmetric, so that the 
diagonahzation is done by UjMfUf = A/j**^^ = {Mf)f.) Then, by using the observed up-quark 
mass ratios and CKM mixing parameters, we can obtain the lepton mixing matrix U. Usually, 
the so-called tribimaximal mixing [6j is understood based on discrete symmetries, while, in this 
model, the neutrino mass matrix (1.2) can give a nearly tribimaximal mixing sin^ 20atm = 0.995, 
tan^ Bsoiar = 0.553 and \Ui3\ = 0.001 [3] without assuming any discrete symmetry. Note that 
the matrix V in Eq.(1.3) is not V{6) with 5 ~ 70°, and it must be V{tt) in order to obtain such 
the successful results. This successful results rely on the ad hoc assumption (1.3). We have no 
theoretical ground for the ansatz (1.3). 

However, if we give a quark mass matrix model in which quark mass matrices (M„,M(i) is 
described on the e basis, by using Uu obtained from the diagonahzation {Mu)eUu = {Mu)u, 
we can calculate the form of {Mu^^)e as {Mu^^)e = Uu{mI'^)uU^. The purpose of the present 
paper is to investigate a possible quark mass matrix model which can give reasonable neutrino 
mixing parameters on the basis of a yukawaon model. 

In the present paper, we will propose a quark mass matrix model which is described on the 
e basis (a diagonal basis of the charged lepton mass matrix): 



{Ml'^)e OC {Ml'^)e {X + a„l) (Mi/')e, 



(1.4) 
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(Such a form (1.4) has first been proposed in the context of the so-called "democratic seesaw 
mass matrix model [7J.) As we see in the next section, the up-quark mass matrix (1.4) can give 
not only reasonable up-quark mass ratios at a„ ~ —0.56, but also reasonable neutrino mixing 



parameters sin^ 26, 



atm 



1, tan^ 9 solar ~ 1/2 and |C/i3| < 1. 



1.2 What is the yukawaon model? 

Prior to investigating a quark mass matrix model, let us give a short review of the so- 
called yukawaon model: We regard the Yukawa coupling constants in the standard model as 
"effective" coupling constants Yj^^ (/ = e, i^, u, d) in an effective theory, and we consider that 
Y^^^ originate in vacuum expectation values (VEVs) of new gauge singlet scalars Ij, i.e. 



eff _ Vf 



f 



A 



(1.6) 



where A is a scale of the effective theory. We refer the fields Yf as "yukawaons" i2j hereafter. 
Note that in the yukawaon model, Higgs scalars are the same as ones in the conventional model, 
i.e. we consider only two Higgs scalars and as an origin of the masses (not as an origin 
of the mass spectra) . 



The Froggatt-Nielsen model [8] is well known as a model which describes masses and mixings 
by a VEV value of a scalar (j): The hierarchical structure of the masses is explained by a 
multiplicative structure {{(f)) /A)"' under a U(l) flavor symmetry. In contrast to the Froggatt- 
Nielsen model, in the yukawaon model, the scalars Yj have 3x3 flavor components, so that they 
are described, for example, as 3 x 3* = 1 + 8 of U(3) flavor symmetry or (3 x 3)5 = 1 + 5 of 0(3) 
flavor symmetry. The hierarchical structures of the quark and lepton masses are understood from 
hierarchical eigenvalues of {Yf), not from the multiplicative structure ((Yj)/A)". In order to 
obtain such a hierarchical structure, we must build a model with det(ye)/(Tr[(Ye)]^) <C 1 (for 
an example, see Ref.|9|). Hierarchical structures of {Yf) in other sectors will be caused by the 
hierarchical structure of {Y^). 

In the present paper, we assume an 0(3) flavor symmetry, so that would-be Yukawa inter- 
actions are given by [3] 

= E ^nl{Y^hq,Hu + ^di{Y,),,qjH, 

+ Yl ^^iiY-^h^jHu + Y j^UYehe'^jHd + h.c. + ^ yRut{YR)iju^, (1.7) 

where q and £ are SU(2)l doublet fields, and (/ = u,d,e,u) are S\J{2)l singlet fields. All 
of the yukawaons Yf (/ = u,d,i^,e, R) belong to (3 x 3)5 = 1 + 5 of 0(3). In the definition 
(1.7) of Yf, we can define diagonalization of the VEV matrices (Yf) (/ = u, d, e) as Uj{Yf)Uf oc 
diag(mji, mj2j ''T^/s), and that of the seesaw-type neutrino mass matrix M,^ oc {Y,y)'^ {Yji)~^ (Y,^) 
as U]^ Mylly = diag(mj^i, m,y2, ^Tij^s), so that we can express the quark mixing matrix V and 
lepton mixing matrix U asV = UuUd, and U = ulUy, respectively. In the interactions (1.7), 
in order to distinguish each Yf from others, we have assumed a U(l)x symmetry in addition to 
the 0(3) flavor symmetry, and we have assigned U(l)x charges ("sector" charges, not "flavor" 
charges) as Qx{f'^) = —Xf, Qx{Yf) = +Xf and Qx(^r) = '^Xy. The SU(2)l doublet fields q, 
I, Hu and Hd are assigned as sector charges Qx = 0. (For the right-handed neutrinos i^^, we 
assume Qx{i^^) = Qx{&'^), so that the yukawaon Y^, can couple to the Dirac neutrino sector iii'j 
as well as iiCj, and we can build a model without Yi, [TO].) 

The 0(3) flavor symmetry is broken at the energy scale /i = A, so that all the yukawaons 
Yf have VEVs with the order of = A. (We consider that all components Vfi of (Yf) f = 
diag{vfi,Vf2,Vf3) simultaneously have non-zero values at the same energy scale A in spite of the 
hierarchical structure |f/3p ^ |^/2p ^ l^/iPO ^ naive estimate of A leads to rriu ~ {H^)'^/A, 
so that we consider /x = A ~ 10^^ GeV. Since the 0(3) flavor symmetry is completely broken 
at /i = A, the effective coupling constants Y^^-^ = {yf/A){Yf) evolve as in the standard model 
below the scale A. 

In a supersymmetric (SUSY) yukawaon model, VEV structures of the yukawaons are ob- 
tained from SUSY vacuum conditions for a superpotential W. As a result, a VEV structure of 
(Yf) in an / sector is described in terms of other yukawaon VEV matrices. In other words, a 
VEV structure of (Yf) is given by observed mass matrices in other sectors. (The relation (1.1) 
is one of the examples.) This is just a characteristic feature in the yukawaon approach. 



For example, in the present scenario, we have assumed superpotential terms 



We = lie[Ye@e] + U^e^e^el (1.8) 

and, from the SUSY vacuum coditions dW/dQ^ = 0, we obtain a bihnear mass relation 

(ye) = -^(^e)(1>e). (1.9) 
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Thus, the mass matrix Mg in Eq.(1.2) is interpreted as ($e) in the yukawaon model. We call 
$e as "ur-yukawaon" , because the VEV of plays a role in giving VEV spectrum of Ye- Here 
and hereafter, for convenience, we denote Tr[A] as \A\ simply. (We can show (Gg) = by solving 
SUSY vacuum conditions for all fields simultaneously. Hereafter, we will use a character for 
a field whose VEV is (0) = 0.) Also, we consider the existence of an "ur-yukawaon" which 
has a relation (Yu) oc {^u){^u) similar to (1.8). 

The relation (1.1) is naively translated to a relation (Y^ oc (<I>„)(y^) + {Ye){^u) in the 
yukawaon model, but, as stated in the next section, the relation (1.1) will be slightly modified 
(a term with same \]{l)x charge will be added with an additional parameter ^). As a result, as we 
see in Sec. 2, we can excellently fit 5 observable quantities (2 up-quark mass ratios and 3 neutrino 
mixing parameters) by the two parameters and ^. Considering such the phenomenological 
success of the model, in Sec. 3, a possible yukawaon model in the quark sector and neutrino 
sector is discussed. Finally, Sec. 4 is devoted to a summary and concluding remarks. 

In the present model, 2 down-quark mass ratios and 4 CKM mixing parameters are described 
by the remaining 2 parameters ad and ad after was fixed by the observed up-quark mass ratios. 
As seen in Sec. 2, the results are still unsatisfactory. We need a further improvement for down- 
quark sector. In the present paper, we do not discuss any improvement in the down-quark 
sector. 

2 Phenomenological study 

In the present section, we give numerical studies based on phenomenological mass matrices 
(1.2) and (1.4). Since the aim of the present paper is not to obtain the best fit values of the 
parameters in the model, and it is to see a main framework of the model qualitatively, an energy 
scale used in the present evaluations is not required to be so rigorous. Exactly speaking, VEV 
relations in the present model are valid at /i = A ~ 10^^ GeV. Since the 0(3) flavor symmetry 
is completely broken at = A, the effective coupling constants Y^^^ = {yf/A){Yf) evolve as in 
the standard model below the scale A. We know that the quark mass ratios are not so sensitive 
to the energy scale |llj. As seen in (2.1) and (2.6) below, the observed quark mass values [TT] 
still have large errors and, besides, they are highly dependent on the value of tan (3 in the SUSY 
model. Since our concern is in the quark mixing matrix V = ulUd and lepton mixing matrix 
U = UeUiy, for simplicity, we evaluate the mass matrices (1.4) at the energy scale // = mz, so 
that numerical results in the present section should not be taken too strictly. In the present 
model, quark mass matrices are described in terms of the charged lepton masses, so that, for 
numerical estimates, we will also use values of the running masses me(/i), ?7i^(/i) and m^(/Li) at 



H = niz- Although the yukawaon model [2| was first proposed with the aim of understanding 
the well-known charged lepton mass relation [12], in the present paper, we do not adopt such 
a yukawaon model in the charged lepton sector. We will use the observed values |llj of the 
running charged lepton masses as input values, which do not satisfy the charged lepton mass 
relation. 

First, we search for a value of the parameter which can give reasonable predicted val- 
ues for the up-quark mass ratios [11] mu/rric = 0.002llQQQQg (0.00211qqqq9) and nic/mt = 
0.0036+°;°°°^ (0.0026^°;°°°^) at n = mz (at = Aqut = 2 x 10^*' GeV with tan/3 = 10). Al- 
though the ratio mu/mt is affected by renormalization group equation (RGE) effects, the effects 
are not so essential in this rough estimations in the present paper. Therefore, we will use values 
at n = mz- 

y/mu/mc = 0.045t[];[}};j, \lm^lmt = 0.060 ± 0.005. (2.1) 

We find that predicted values of the up-quark mass ratios at ~ —0.56 is in favor of the 
observed up-quark mass ratios (2.1): Vui/vu2 = (—0.0355, —0.0425, —0.0514) and Vy^2/vui, = 
(-0.0654,-0.0570,-0.0495) for a„ = (-0.55,-0.56,-0.57). However, if we naively regard 

1/2 

(<I>u)e given in Eq.(1.4) as {Mj )e in Eq.(1.2), we cannot obtain favorable values of the neutrino 
mixing parameters for any values of a^., 

Note that signs of the eigenvalues {vu\-,Vu2-, Vuz) of {^u) are (-I-, — , -|-) for the parameter value 

1 /2 

du ~ —0.56, while, in Ref.[3], we have used positive values for {Mj )e = diag(-^/m^, ^/rrl^, y/mt). 
Therefore, by introducing an 0(3) 1-1-5 field Pu whose VEV is given by 

(^'«)« = /Updiag(+l,-l,+l), (2.2) 
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we can express {Mj ) as (M„ )„ oc ^u)u{Pu)u, so that the relation (1.2) is given by 

{Yj^)e « {Ye)e{Pu)e{^u)e + {^u) e{Pu) e{Ye) (2.3) 

where ($u)e and {Pu)e are given by 

{^u)e = Uu{^u)uUl, {Pu)e = Uu{Pu)uU^, (2.4) 

respectively. However, when we assign U(l)x charges which satisfy Qx{Yr) = QxiYe) + 
Qxi^u) + QxiPu), we must also take terms PuY^^u + ^uYePu into consideration as well as 
the terms Y^Pu^u + ^uPuYe, because they have the same ^{l)x charges. Thus, the relation 
(2.3) must be modified as 

Yr oc YePu'^^ + -^uPuYe + aPuYe<^u + <^uYePu)- (2.5) 

We find that predicted value of tan^ Osoiar is highly dependent on the parameter ^, although 
the values sin^ 29atm and \Uri\ are not sensitive to ^ as far as |^| is small. We show ^-dependence 
of the neutrino mixing parameters in Table 1. As seen in Table 1, the cases = -1-0.0005 and 
^ = —0.0012 can excellently fit the observed values sin^ '20atm = l-00_o.i3 \XM ^^'^ ^^^'^ & solar = 
0.469l{5:g^[ [H]. At present, the reason why the parameter value of ^ is so small is unknown. 
This may be explain by a hidden symmetry which is unbroken in the terms without ^, but is 
broken in those with ^. This is an open question at present. 



Table 1: .^-dependence of neutrino mixing parameters. The parameter is fixed at ~ —0.56. 
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Table 2: CKM mixing parameters versus (ad,ad) 



On 


ad Old 


\mdi/md2\ \md2/md^\ 


\Vus\ \Vcb\ \Vub\ \Vtd\ 


-0.56 
-0.56 
-0.56 
-0.58 


-0.620 4° 
-0.625 6° 
-0.630 8° 
-0.630 2° 


0.1078 0.0273 
0.0783 0.0313 
0.0542 0.0362 
0.1959 0.0195 


0.2035 0.0666 0.0101 0.0178 
0.2187 0.0818 0.0123 0.0190 
0.2222 0.0977 0.0146 0.0194 
0.2272 0.0448 0.0088 0.0163 



Next, we calculate down-quark mass ratios and CKM matrix parameters for the model 
(1.4). The observed running down-quark mass ratios pT] are 



rrid 



n n53+°°5i 



(0.054 



+0.058 ^ 
0.030/' 



0.019 + 0.006 
(0.017^ 



7+0.006^ 
-0.005^ 



(2.6) 



at jj, = mz (at fj, = Kqut = 2 x 10^^ GeV with tan/3 = 10) and the observed CKM mixing 
parameters [5] are |Ks| = 0.2255 + 0.0019, \Vcb\ = 0.0412 + 0.0011, \Vub\ = 0.00393 + 0.00036 
and \Vtd\ = 0.0081 + 0.025. In Table 2, we demonstrate predicted values of the CKM mixing 
parameters versus {a^,, ad)- Here, we have taken = —0.56 which can give reasonable up-quark 
mass ratios. 

As seen in Table 2, the case with a„ = —0.56 and (0^,0^) = (—0.63,8°) can roughly 
give reasonable values of the down-quark mass ratios and |T4s|, but \Vcb\-: iKibl and \Vtd\ are 
considerably larger than the observed values. For reference, we list a case of a„ = —0.58 and 
{ad,ad) = (—0.63,2°) in Table 3. The case can give reasonable values of \Vus\ and \Vcb\-, but the 
predicted quark mass ratios are in poor agreement with experiments. The present model will 
need a further improvement, as far as the down-quark sector is concerned. However, from the 
qualitative point of view, it worthwhile noticing that the model can roughly predict not only 
the quark mass ratios but also the CKM mixing parameters and neutrino oscillation parameters 
by using only the 4 input parameters a„, ^ and Oc^e*'^'*. 

3 Yukawaons in the quark sector 

In the previous section, we have obtained successful predictions on the basis of the phe- 



nomenological mass matrices (1.4) and (2.5). For the phenomenological mass matrix (2.5), we 
assume the following superpotential terms 



Wr = ilRlYRQR] + ^ {mPu^^ + ^uPuYe)QR] + i[{PuYe^u + ^uYePu)QR]] • (3.1) 

Here, since the VEV matrix is diagonal in the u basis (a diagonal basis of (Yu)) ^ given 
in Eq.(2.2), the VEV matrix (P„) must be commutablc with Moreover, in order to give 

the form (2.2), since = /i^, \{[{Pu)f - [{Pu){Pu)]) = and det(P„) = -fi^, the VEV 

matrix (P„) must satisfy a cubic equation 

{P^f - fipiPuf - uliPu) + 41 = 0. (3.2) 
Therefore, we assume superpotential terms for P„ 

Wp = Ap[($„P„ - Pu^u)@p] + £SB^[{PuPuPu - f^pPuPu - 4Pu + Mp)e'p]. (3.3) 

Note that the second term in (3.3) cannot conserve the U(l)x charges. (The superpotential 
terms (3.3) can conserve the R symmetry, because the fields Bp and 6p are assigned as R 
charges R = 2, while and P^ are assigned as P = 0.) We assume that such U(l)x symmetry 
breaking terms are suppressed by a small factor £33- 

On the other hand, superpotential in the quark sector is given as follows: 

W, = fi^i^u®^] + ti^lYdS^] + jiM^x, + a,E,)^,&f], (3.4) 

q=u,d 

where the parameter is real, but is complex. Here the VEV matrices {^xg)e and {Eq)^ 
are given by 

{^Xg)e OC X, {Eg)e OC 1, (3.5) 

and the factor {^xq + cLqEq) plays a role in breaking the 0(3) flavor symmetry into a discrete 
symmetry S3 at the e basis. If we regard ^xq and Eq as ^xu = ^Xd = ^x and Eu = E^ = E, we 
will obtain an unwelcome relation Qxi^u) = Qx{Yd)- Therefore, we must distinguish (^xu,Eu) 
from {^xd^ Ed). However, if wc replace fi^ and in (3.4) with [Y^] and respectively, we 
can regard ^xq and Eg as ^xu = ^xd = and E^ = E^ = E without considering two sets 
($Xu) Eu) and (^xd, Ed). Superpotential terms for the field $x are given by 

Wx = esB l^i^x^x^xQx] + Xxi^x^xQx]] , (3.6) 



with (Xx/^x)^ = —[^x], because 



[X] = l, ^{[X]''-[XX])=0, detX = 0. 



(3.7) 



Also, superpotential terms for the field E are given by 

We = esB [f^ElEeE] + f^U&E]) ■ (3.8) 

Note that we cannot write the superpotential terms (3.6) and (3.8) without breaking the U(l)x 
symmetry explicitly, so that we have added a factor esb in the superpotential terms (3.6) and 
(3.8). 

In the superpotential terms (3.3), (3.6) and (3.8), we have assumed some specific forms of 
U(l)x symmetry breaking terms. As such symmetry breaking terms, in general, not only those 
given in (3.3), (3.6) and (3.8) but also many other terms are allowed. Therefore, at present, the 
forms of the e^^-terms are only ones which are required from a phenomenological point of view. 

4 Concluding remarks 

In conclusion, for the purpose of explaining the observed tribimaximal neutrino mixing, we 
have proposed a yukawaon model (1.4) [(3.4)] in the quark sector, where the 0(3) symmetry is 
broken into S3 by the VEV {^x)e on the e basis (the diagonal basis of (Ye)). The up-quark 
mass matrix given in Eq.(1.4) includes one parameter a^. In the seesaw-type neutrino mass 
matrix M^, = rriDM^^mD, the Majorana mass matrix of the right-handed neutrinos Mr cx (Yr) 
is related to the up-quark mass matrix M„ oc (Yu) oc {^u){^u) as given in Eq.(2.5) which 
includes one parameter ^. The parameters a„ and ^ can describe 5 observables (2 up-quark 
mass ratios and 3 neutrino oscillation parameters). The numerical results for the neutrino 
oscillation parameters excellently gives nearly tribimaximal mixing as shown in Table 1. 

So far, we did not mention neutrino mass ratios, i.e. R = Ani'^^i^^/ Am'^f^. The ratio 
R can favorably be fitted by adding [1] a term X'ji[YiyY^@ ji] to the superpotential terms Wr 
(3.7) [(3.1)], or by adding [10] a term {y'j^/ A)u'^YiyYiyi''^ to the would-be Yukawa interaction (1.7). 
Those terms play a role in shifting neutrino masses commonly without affecting neutrino mixing. 
However, the added parameter is exactly fixed by the observed value of R, so that there is no 
prediction in the neutrino sector. 

Although the present model with (1.4) and (2.5) can describe values of 11 observables 
(4 quark mass ratios, 4 CKM mixing parameters, and 3 neutrino oscillation parameters) by 
adjusting 4 parameters (1 and 2 in the up- and down-quark sectors, respectively, and 1 in the 
Yr sector), the fitting for down-quark masses and the CKM mixing parameters is poor as seen in 
Table 2, although the results are qualitatively not so bad. The two parameter description in the 
down-quark sector is too tight. We think that the present model is a step in the right direction 
to a unified yukawaon model. In the next step, we will investigate a further improvement of the 
down-quark sector. 

In the present model, we have assumed an 0(3) flavor symmetry. The VEV relations which 
are derived from the superpotential under the 0(3) symmetry are valid only in specific flavor 
bases which are connected by orthogonal transformations. We have regarded the e-basis (the 
diagonal basis of (Ye)) as a specific basis, in which the relations from the 0(3) symmetry are 
valid and the VEV matrix {^x) takes a simple form (3.5). 

The present approach based on a yukawaon model seems to provide a new view to a unified 
description of the masses and mixings differently from conventional mass matrix models. Under 



few parameters in the quark sector, the model can predict not only all quark and lepton mass 
ratios but also the CKM matrix parameters and neutrino oscillation parameters, although an 
improvement is still needed as far as the down-quark sector is concerned. It is worthwhile taking 
the present model seriously as a promising model which can give a unified description of the 
quark and lepton masses and mixings. Further development of the model is expected. 
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